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(57) ABSTRACT

System controller and method for a lighting system. The
system controller includes a first controller terminal config-
ured to receive a first signal, and a second controller terminal
configured to output a second signal to a diver component.
The driver component is configured to receive a first current
and provide one or more drive currents to one or more light
emitting diodes in response to the second signal. Addition-
ally, the system controller is configured to process informa-
tion associated with the first signal, determine a first time
period for the first signal to increase from a first threshold to
a second threshold, and determine a second time period for
the first signal to decrease from the second threshold to the
first threshold.
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Woltage

1
TVoltage

Voltage




US 9,480,118 B2
Page 2

(56)

5,949,197
6,218,788
6,229,271
7,038,399
7,649,327
7,880,400
7,944,153
8,134,302
8,278,832
8,378,583
8,378,588
8,378,589
8,432,438
8,497,637
8,644,041
8,698,419
8,890,440
8,941,324
9,030,122
9,220,136
2006/0022648
2007/0182699
2007/0267978
2008/0224629
2008/0278092
2009/0021469
2009/0251059
2010/0164406
2010/0176733
2010/0207536
2010/0213859
2011/0037399
2011/0080110
2011/0080111
2011/0121744
2011/0121754
2011/0227490
2011/0260619
2011/0285301
2011/0291583
2011/0309759
2012/0032604
2012/0146526

2012/0181946
2012/0268031
2012/0299500
2012/0299501
2012/0326616

2013/0009561
2013/0020965
2013/0026942
2013/0026945
2013/0027528
2013/0063047
2013/0175931
2013/0181630
2013/0193879
2013/0215655

2013/0223107
2013/0241427
2013/0241428
2013/0242622
2013/0307431
2013/0307434
2014/0029315
2014/0063857
2014/0078790
2014/0103829
2014/0132172
2014/0160809
2014/0265935
2014/0346973

References Cited

U.S. PATENT DOCUMENTS

A

Bl
Bl
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

Al
Al
Al
Al
Al

Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

9/1999
4/2001
5/2001
5/2006
1/2010
2/2011
5/2011
3/2012
10/2012
2/2013
2/2013
2/2013
4/2013
7/2013
2/2014
4/2014
11/2014
1/2015
5/2015
12/2015
2/2006
8/2007
11/2007
9/2008
11/2008
1/2009
10/2009
7/2010
7/2010
8/2010
8/2010
2/2011
4/2011
4/2011
5/2011
5/2011
9/2011
10/2011
112011
12/2011
12/2011
2/2012
6/2012

7/2012
10/2012
11/2012
11/2012
12/2012

1/2013
1/2013
1/2013
1/2013
1/2013
3/2013
7/2013
7/2013
8/2013
8/2013

8/2013
9/2013
9/2013
9/2013
11/2013
11/2013
1/2014
3/2014
3/2014
4/2014
5/2014
6/2014
9/2014
11/2014

Kastner
Chen et al.
Liu

Lys et al.
Peng

Zhou et al.
Greenfeld
Yang et al.
Hung et al.
Hying et al.
Kuo et al.
Kuo et al.
Ryan et al.
Liu
Pansier
Yan et al.
Yan et al.
Zhou et al.
Yan et al.
Zhang

Ben-Yaakov et al.

Ha et al.
Shteynberg et al.
Melanson
Lys et al.
Yeo et al.
Veltman
Kost et al.
King
Burdalski
Shteynberg
Hung et al.
Nuhfer et al.
Nuhfer et al.
Salvestrini
Shteynberg
Huynh
Sadwick
Kuang et al.
Shen
Shteynberg
Hontele
Lam ...

Melanson

Zhou et al.
Sadwick

Kost et al.
Sumitani ............

Briggs

Kang et al.
Ryan et al.
Ganick et al.
Staats et al.
Veskovic
Sadwick
Taipale et al.
Sadwick
Yang ...
Zhang et al.
Kesterson et al.
Takeda

Peng

Zhu et al.

Zhang

Zhang et al.
Peng

Lin et al.

Kang

Zhu et al.

Lin et al.
Sadwick

Zhu et al.

HOSB 41/2824
315/200 R

HOSB 33/0815
315/201

HOSB 33/0851
363/89

2014/0354170 Al 12/2014 Gredler

2015/0077009 Al* 3/2015 Kunimatsu ....... HOSB 33/0815
315/224

2015/0091470 Al 4/2015 Zhou et al.

2016/0014861 Al 12016 Zhu et al.

2016/0014865 Al 1/2016 Zhu et al.

FOREIGN PATENT DOCUMENTS

CN 101868090 10/2010
CN 101896022 A 11/2010
CN 101917804 A 12/2010
CN 101998734 A 3/2011
CN 102014551 A 4/2011
CN 102056378 A 5/2011
CN 102209412 A 10/2011
CN 102300375 A 12/2011
CN 102347607 2/2012
CN 102387634 A 3/2012
CN 103004290 3/2012
CN 102474953 5/2012
CN 102497706 6/2012
CN 202353859 U 7/2012
CN 102695330 A 9/2012
CN 102791056 A 11/2012
CN 102843836 A 12/2012
CN 202632722 U 12/2012
CN 102870497 1/2013
CN 102946674 A 3/2013
CN 103024994 A 4/2013
CN 103313472 9/2013
CN 103369802 A 10/2013
CN 103379712 A 10/2013
CN 103547014 1/2014
CN 103716934 4/2014
CN 103858524 6/2014
CN 103945614 A 7/2014
EP 2403318 Al 1/2012
JP 2008-010152 A 1/2008
JP 2011-249328 A 12/2011
™ 201215228 Al 9/2010
™ 201125441 A 7/2011
™ 201132241 9/2011
™ 201143530 A 12/2011
™ 201146087 Al 12/2011
™ 201208463 Al 2/2012
™ 201208481 Al 2/2012
™ 201208486 2/2012
™ 1387396 2/2013
™ 201322825 A 6/2013
™ 201342987 10/2013
™ 1423732 1/2014
™ 201412189 A 3/2014
™ M477115 4/2014
™ 201417626 A 5/2014
™ 201417631 5/2014
™ 201422045 6/2014
™ 201424454 A 6/2014
™ 1448198 8/2014

OTHER PUBLICATIONS

China Patent Office, Office Action mailed Aug. 8, 2015, in Appli-
cation No. 201410172086.6.

United States Patent and Trademark Office, Notice of Allowance
mailed May 7, 2015, in U.S. Appl. No. 13/527,475.

United States Patent and Trademark Office, Office Action mailed
Jun. 5, 2015, in U.S. Appl. No. 13/710,277.

China Patent Office, Office Action mailed Nov. 15, 2014, in Appli-
cation No. 201210166672.0.

China Patent Office, Office Action mailed Jul. 7, 2014, in Applica-
tion No. 201210468505.1.

China Patent Office, Office Action mailed Jun. 3, 2014, in Appli-
cation No. 201110103130.4.

Taiwan Intellectual Property Office, Office Action mailed Jan. 7,
2014, in Application No. 100119272.

Taiwan Intellectual Property Office, Office Action mailed Jun. 9,
2014, in Application No. 101124982.



US 9,480,118 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

Taiwan Intellectual Property Office, Office Action mailed Sep. 25,
2014, in Application No. 101148716.

United States Patent and Trademark Office, Notice of Allowanced
mailed Apr. 9, 2015, in U.S. Appl. No. 13/527,475.

United States Patent and Trademark Office, Office Action mailed
Dec. 2, 2014, in U.S. Appl. No. 13/527,475.

United States Patent and Trademark Office, Office Action mailed
Jan. 15, 2015, in U.S. Appl. No. 14/562,432.

China Patent Office, Office Action mailed Aug. 28, 2015, in Appli-
cation No. 201410322602.9.

China Patent Office, Office Action mailed Oct. 19, 2015, in Appli-
cation No. 201410322612.2.

Taiwan Intellectual Property Office, Office Action mailed Sep. 17,
2015, in Application No. 103127108.

Taiwan Intellectual Property Office, Office Action mailed Sep. 17,
2015, in Application No. 103127620.

United States Patent and Trademark Office, Notice of Allowance
mailed Oct. 22, 2015, in U.S. Appl. No. 13/527,475.

United States Patent and Trademark Office, Office Action mailed
Aug. 19, 2015, in U.S. Appl. No. 14/562,432.

China Patent Office, Office Action mailed Dec. 14, 2015, in Appli-
cation No. 201210166672.0.

Taiwan Intellectual Property Office, Office Action mailed Nov. 13,
2015, in Application No. 103141628.

United States Patent and Trademark Office, Notice of Allowance
mailed Dec. 21, 2015, in U.S. Appl. No. 13/710,277.

United States Patent and Trademark Office, Office Action mailed
Jan. 13, 2016, in U.S. Appl. No. 14/451,656.

United States Patent and Trademark Office, Office Action mailed
Dec. 17, 2015, in U.S. Appl. No. 14/459,167.

United States Patent and Trademark Office, Notice of Allowance
mailed Jan. 21, 2016, in U.S. Appl. No. 14/562,432.

United States Patent and Trademark Office, Office Action mailed
Dec. 3, 2015, in U.S. Appl. No. 14/819,200.

China Patent Office, Office Action mailed Mar. 2, 2016, in Appli-
cation No. 201410172086.6.

China Patent Office, Office Action mailed Mar. 3, 2016, in Appli-
cation No. 201410322612.2.

Taiwan Intellectual Property Office, Office Action mailed Apr. 18,
2016, in Application No. 103140989.

United States Patent and Trademark Office, Notice of Allowance
mailed Mar. 7, 2016, in U.S. Appl. No. 13/710,277.

United States Patent and Trademark Office, Notice of Allowance
mailed Mar. 30, 2016, in U.S. Appl. No. 14/562,432.

* cited by examiner



US 9,480,118 B2

Sheet 1 of 9

Oct. 25, 2016

U.S. Patent

Uy iolid
1 94nbi4

J

S&:o>

-

ozl

b e e e e ey it e

indino A

0Ll

lzac_>



US 9,480,118 B2

Sheet 2 of 9

Oct. 25, 2016

U.S. Patent

A

09¢

05¢

LPL__

1) 24y

My Joud
Z 2inbi4
@
1BALIQ d3T l1opoa9jg S 5
LAVENA
4%
!
gz ¢ 2z
zeT
‘ 092
Zre 0

ovidl

] ¥4




US 9,480,118 B2

Sheet 3 of 9

Oct. 25, 2016

U.S. Patent

0L¢€

My Jolld
¢ ainbi4

¥9¢ ole
/V/>x uonoalad
®
397 m Jjua.nng
e 1>
/S
UOIIBULIOJU}
2\
N.vw” 0C¢ ™
ove~{(A)=
)\mv SNI _ jonuon
01607
A rA%S :
oce tAXARS
MN3Z
Pre~
vee 092
® «t

cle

OVIiL

oz

aurp |PLC



US 9,480,118 B2

Sheet 4 of 9

Oct. 25, 2016

U.S. Patent

¢ aunbi4
= 8lVooyp
T, i
vwﬂ 1d b
0gp mmw

cwv wmv ,\,ﬂwv

| B FL/E# AV
13ai
&% a8y
| 18ALIQ |, %y WJ\ S
F4:3%
] 05¥ aa d.:._._‘ w_m,_:n_ e
&%H =
T NQ‘W
98
ocy vey a o jlﬂw 4 | A4
10padiq | O .._Jm 967 | - p)
_.__.__._ 13a A
Oh.v\lm ZZv~
) | A
[A4 4 FA'S 4 A
\ \
ol
(V4774

oy

44

auIA

vyl

oLy

viv



U.S. Patent Oct. 25, 2016 Sheet 5 of 9 US 9,480,118 B2

Voltage

Vth_on

Vth ¢ -

Voltage
A

Vth.on - ——— — — —

Vth_off m———————+

Voltage
A

Vth on b ——+ 4

Vth_off - —

Figure 5



US 9,480,118 B2

Sheet 6 of 9

Oct. 25, 2016

U.S. Patent

g ainbi4

A

-

abejoa

%QBL

A

obiejjopY

&

—-01L9
abejon

v



US 9,480,118 B2

Sheet 7 of 9

Oct. 25, 2016

U.S. Patent

L ambi4
| Dpousdawil g pousd awil v pousd aunl |
51y piy £l 2L, Ty o, e I

!
I
!
!
|
!

il

£i] 24}

!
I
!
|

anung

¥} 8

] _

_ _ ! I “ abelop
5y O L L

. —

! al |

_ ! _

| | B

| !

w o T | Ot v

_ [ _ | obejon

h TePA0HEH T 19PAOIEH |




US 9,480,118 B2

Sheet 8 of 9

Oct. 25, 2016

U.S. Patent

g ainbi4
NOL8 anm 1018 Ban ol 018 1S
4
A A A A
| NOZ8  19zg 2028 ~ 1028 ~
7
0¥

008

oy

454

SUA b

OVIHL

oLy



US 9,480,118 B2

Sheet 9 of 9

Oct. 25, 2016

U.S. Patent

g ainbi4

NOLE | wuw

016

L NOZ6  19z6 ~

016

¢0C6 ~

‘016

+026 ~

aul A

006

A
b

096

OVRIL

oLy

1424



US 9,480,118 B2

1
SYSTEMS AND METHODS FOR
INTELLIGENT CONTROL RELATED TO
TRIAC DIMMERS

1. CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to Chinese Patent Appli-
cation No. 201410172086.6, filed Apr. 25, 2014, commonly
assigned, incorporated by reference herein for all purposes.

Additionally, this application is related to U.S. patent
application Ser. No. 14/451,656, which is incorporated by
reference herein for all purposes.

2. BACKGROUND OF THE INVENTION

Certain embodiments of the present invention are directed
to integrated circuits. More particularly, some embodiments
of the invention provide a system and method for intelligent
control related to TRIAC dimmers. Merely by way of
example, some embodiments of the invention have been
applied to driving light emitting diodes (LEDs). But it would
be recognized that the invention has a much broader range
of applicability.

A conventional lighting system may include or may not
include a TRIAC dimmer that is a dimmer including a
Triode for Alternating Current (TRIAC). For example, the
TRIAC dimmer is either a leading-edge TRIAC dimmer or
a trailing-edge TRIAC dimmer. Often, the leading-edge
TRIAC dimmer and the trailing-edge TRIAC dimmer are
configured to receive an alternating-current (AC) input
voltage, process the AC input voltage by clipping part of the
waveform of the AC input voltage, and generate an voltage
that is then received by a rectifier (e.g., a full wave rectifying
bridge) in order to generate a rectified output voltage.

FIG. 1 shows certain conventional timing diagrams for a
leading-edge TRIAC dimmer and a trailing-edge TRIAC
dimmer. The waveforms 110, 120, and 130 are merely
examples. Each of the waveforms 110, 120, and 130 repre-
sents a rectified output voltage as a function of time that is
generated by a rectifier. For the waveform 110, the rectifier
receives an AC input voltage without any processing by a
TRIAC dimmer. For the waveform 120, an AC input voltage
is received by a leading-edge TRIAC dimmer, and the
voltage generated by the leading-edge TRIAC dimmer is
received by the rectifier, which then generates the rectified
output voltage. For the waveform 130, an AC input voltage
is received by a trailing-edge TRIAC dimmer, and the
voltage generated by the trailing-edge TRIAC dimmer is
received by the rectifier, which then generates the rectified
output voltage.

As shown by the waveform 110, each cycle of the rectified
output voltage has, for example, a phase angel (e.g., ¢) that
changes from 0° to 180° and then from 180° to 360°. As
shown by the waveform 120, the leading-edge TRIAC
dimmer usually processes the AC input voltage by clipping
part of the waveform that corresponds to the phase angel
starting at 0° or starting at 180°. As shown by the waveform
130, the trailing-edge TRIAC dimmer often processes the
AC input voltage by clipping part of the waveform that
corresponds to the phase angel ending at 180° or ending at
360°.

Various conventional technologies have been used to
detect whether or not a TRIAC dimmer has been included in
a lighting system, and if a TRIAC dimmer is detected to be
included in the lighting system, whether the TRIAC dimmer
is a leading-edge TRIAC dimmer or a trailing-edge TRIAC
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dimmer. In one conventional technology, a rectified output
voltage generated by a rectifier is compared with a threshold
voltage V,, ,, in order to determine a turn-on time period
T,,,. If the turn-on time period T,,, is equal to the duration of
a half cycle of the AC input voltage, no TRIAC dimmer is
determined to be included in the lighting system; if the
turn-on time period T, is smaller than the duration of a half
cycle of the AC input voltage, a TRIAC dimmer is deter-
mined to be included in the lighting system. If a TRIAC
dimmer is determined to be included in the lighting system,
a turn-on voltage V , is compared with the threshold voltage
V. on- If the turn-on voltage V. is larger than the threshold
voltage V,, ,,, the TRIAC dimmer is determined to be a
leading-edge TRIAC dimmer; if the turn-on voltage V,_, is
smaller than the threshold voltage V,, .., the TRIAC dim-
mer is determined to be a trailing-edge TRIAC dimmer.

In another conventional technology, a rate of change of a
rectified output voltage is used. The rectified output voltage
is generated by a rectifier, and its rate of change is deter-
mined by quickly sampling the rectified voltage twice.
Depending on the phase angles at which these two sampling
actions are taken, a predetermined range for the rate of
change is used. If the rate of change falls within this
predetermined range, no TRIAC dimmer is determined to be
included in the lighting system; if the rate of change falls
outside this predetermined range, a TRIAC dimmer is deter-
mined to be included in the lighting system. If a TRIAC
dimmer is determined to be included in the lighting system,
whether the rate of change is positive or negative is used to
determine the type of the TRIAC dimmer. If the rate of
change is positive, the TRIAC dimmer is determined to be
a leading-edge TRIAC dimmer; if the rate of change is
negative, the TRIAC dimmer is determined to be a trailing-
edge TRIAC dimmer.

If a conventional lighting system includes a TRIAC
dimmer and light emitting diodes (LEDs), the light emitting
diodes may flicker if the current that flows through the
TRIAC dimmer falls below a holding current that is, for
example, required by the TRIAC dimmer. As an example, if
the current that flows through the TRIAC dimmer falls
below the holding current, the TRIAC dimmer may turn on
and off repeatedly, thus causing the LEDs to flicker. As
another example, the various TRIAC dimmers made by
different manufacturers have different holding currents rang-
ing from 5 mA to 50 mA.

In order to solve this flickering problem, certain conven-
tional technology uses a bleeder for the conventional light-
ing system. FIG. 2 is a simplified diagram of a conventional
lighting system that includes a bleeder. As shown, the
lighting system 200 includes a TRIAC dimmer 210, a
rectifier 220, a bleeder 230, an LED driver 240, and LEDs
250. The TRIAC dimmer 210 receives an AC input voltage
214 (e.g., Vy,,.) and generate a voltage 212. The voltage 212
is received by the rectifier 220 (e.g., a full wave rectifying
bridge), which then generates a rectified output voltage 222
and a rectified output current 260. The rectified output
current 260 is equal to the current that flows through the
TRIAC dimmer 210, and is also equal to the sum of currents
232 and 242. The current 232 is received by the bleeder 230,
and the current 242 is received by the LED driver 240. The
magnitude of the current 232 may have a fixed magnitude or
may change between two different predetermined magni-
tudes.

FIG. 3 is a simplified diagram showing certain conven-
tional components of the bleeder as part of the lighting
system 200 as shown in FIG. 2. The bleeder 230 includes a
current detection circuit 310, a logic control circuit 320, and
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current sinks 330 and 340. As shown in FIG. 3, a current 350
is configured to follow through a resistor 360 in order to
generate a voltage 370 (e.g., V). The current 350 equals the
rectified output current 260 in magnitude, and the voltage
370 represents the magnitude of the current 350. The voltage
370 is divided by resistors 362 and 364 to generate a voltage
372 (e.g., V,). The voltage 372 is received by the current
detection circuit 310, which sends detected information to
the logic control circuit 320. In response, the logic control
circuit 320 either enables the current sink 330 with a control
signal 332 or enables the current sink 340 with a control
signal 342. The control signals 332 and 342 are generated by
the logic control circuit 320 and are complementary to each
other. If the current sink 330 is enabled, the current 232
received by the bleeder 230 is equal to a current 334; if the
current sink 340 is enabled, the current 232 is equal to a
current 344. The current 344 is larger than the current 334
in magnitude.

Returning to FIG. 2, the voltage 212 generated by the
TRIAC dimmer 210 may have waveforms that are not
symmetric between a positive half cycle and a negative half
cycle of the AC input voltage 214. This lack of symmetry
can cause the current that flows through the LEDs 250 to
vary with time; therefore, the LEDs 250 can flicker at a fixed
frequency (e.g., 50 Hz or 60 Hz). Also, according to certain
conventional technology, a single TRIAC dimmer (e.g., the
TRIAC dimmer 210) and a single rectifier (e.g., the rectifier
220) are used to support multiple lamp subsystems that are
connected in parallel. Each lamp subsystem includes a
bleeder (e.g., the bleeder 230), an LED driver (e.g., the LED
driver 240), and LEDs (e.g., LEDs 250), and is associated
with a rectified output current (e.g., the rectified output
current 260) that provides currents to the bleeder (e.g., the
bleeder 230) and the LED driver (e.g., the LED driver 240).
The sum of these rectified output currents of multiple lamp
subsystems is equal to the current that flows through the
TRIAC dimmer (e.g., the TRIAC dimmer 210). Often, each
rectified output current for each lamp subsystem is made
larger than the holding current of the TRIAC dimmer (e.g.,
the TRIAC dimmer 210); hence the sum of these rectified
output currents become much larger than the holding current
of the TRIAC dimmer (e.g., the TRIAC dimmer 210),
wasting of energy and thus lowering efficiency of the
system.

Hence it is highly desirable to improve the techniques of
dimming control.

3. BRIEF SUMMARY OF THE INVENTION

Certain embodiments of the present invention are directed
to integrated circuits. More particularly, some embodiments
of the invention provide a system and method for intelligent
control related to TRIAC dimmers. Merely by way of
example, some embodiments of the invention have been
applied to driving light emitting diodes (LEDs). But it would
be recognized that the invention has a much broader range
of applicability.

According to one embodiment, a system controller for a
lighting system includes a first controller terminal config-
ured to receive a first signal, and a second controller terminal
configured to output a second signal to a diver component.
The driver component is configured to receive a first current
and provide one or more drive currents to one or more light
emitting diodes in response to the second signal. Addition-
ally, the system controller is configured to process informa-
tion associated with the first signal, determine a first time
period for the first signal to increase from a first threshold to
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4

a second threshold, and determine a second time period for
the first signal to decrease from the second threshold to the
first threshold. Moreover, the system controller is further
configured to, in response to the second time period minus
the first time period being larger than a predetermined
positive value, determine the first signal to be associate with
a leading-edge TRIAC dimmer, and in response to the first
time period minus the second time period being larger than
the predetermined positive value, determine the first signal
to be associate with a trailing-edge TRIAC dimmer. Also,
the system controller is further configured to, in response to
an absolute value of the first time period minus the second
time period being smaller than the predetermined positive
value, determine the first signal not to be associated with any
TRIAC dimmer.

According to another embodiment, a system controller for
a lighting system includes a first controller terminal config-
ured to receive a first signal associated with a TRIAC
dimmer, and a second controller terminal configured to
output a second signal to a current sink. The current sink is
configured to receive a first current in response to the second
signal. Additionally, the system controller includes a third
controller terminal configured to output a third signal to a
driver component. The driver component is configured to
receive a second current and provide one or more drive
currents to one or more light emitting diodes in response to
the third signal. Moreover, the system controller includes a
fourth controller terminal configured to receive a fourth
signal. The fourth signal is related to a third current that
flows through the TRIAC dimmer. Also, the system con-
troller is configured to process information associated with
the first signal, and determine the TRIAC dimmer is turned
on at a first time based at least in part on the first signal.
Additionally, the system controller is configured to, after the
first time, with a first delay, decrease a duty cycle of the
second signal from a first predetermined value until the
fourth signal indicates that the TRIAC dimmer is turned off
at a second time, and in response to the fourth signal
indicating that the TRIAC dimmer is turned off at the second
time, set a first threshold for the fourth signal, the first
threshold being related to a holding current of the TRIAC
dimmer. Moreover, the system controller is further config-
ured to process information associated with the first signal,
and determine the TRIAC dimmer is turned on at a third
time based at least in part on the first signal. Also, the system
controller is further configured to, after the third time, with
a second delay, change the second signal from a first logic
level to a second logic level and keep the second signal at the
second logic level until a fourth time, and at the fourth time,
change the second signal to a modulation signal to regulate
the fourth signal at a second threshold in order to keep the
fourth signal larger than the first threshold and keep the third
current larger than the holding current of the TRIAC dim-
mer. The second threshold is larger than the first threshold,
and the modulation signal changes between the first logic
level and the second logic level.

According to yet another embodiment, a method for a
lighting system includes receiving a first signal, processing
information associated with the first signal, determining a
first time period for the first signal to increase from a first
threshold to a second threshold, determining a second time
period for the first signal to decrease from the second
threshold to the first threshold, and processing information
associated with the first time period and the second time
period. Additionally, the method includes, in response to the
second time period minus the first time period being larger
than a predetermined positive value, determining the first
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signal to be associate with a leading-edge TRIAC dimmer,
and in response to the first time period minus the second
time period being larger than the predetermined positive
value, determining the first signal to be associate with a
trailing-edge TRIAC dimmer. Moreover, the method
includes, in response to an absolute value of the first time
period minus the second time period being smaller than the
predetermined positive value, determining the first signal
not to be associated with any TRIAC dimmer.

According to yet another embodiment, a method for a
lighting system includes receiving a first signal associated
with a TRIAC dimmer, receiving a second signal related to
a first current that flows through the TRIAC dimmer, pro-
cessing information associated with the first signal, and
determining the TRIAC dimmer is turned on at a first time
based at least in part on the first signal. Additionally, the
method includes, after the first time, with a first delay,
decreasing a duty cycle of a third signal from a first
predetermined value until the second signal indicates that
the TRIAC dimmer is turned off at a second time, and setting
a first threshold for the second signal in response to the
second signal indicating that the TRIAC dimmer is turned
off at the second time, the first threshold being related to a
holding current of the TRIAC dimmer. Moreover, the
method includes determining that the TRIAC dimmer is
turned on at a third time based at least in part on the first
signal, and after the third time, with a second delay, chang-
ing the third signal from a first logic level to a second logic
level and keep the third signal at the second logic level until
a fourth time. Also, the method includes at the fourth time,
changing the third signal to a modulation signal to regulate
the second signal at a second threshold in order to keep the
second signal larger than the first threshold and keep the first
current larger than the holding current of the TRIAC dim-
mer. The second threshold is larger than the first threshold,
and the modulation signal changes between the first logic
level and the second logic level.

Depending upon embodiment, one or more benefits may
be achieved. These benefits and various additional objects,
features and advantages of the present invention can be fully
appreciated with reference to the detailed description and
accompanying drawings that follow.

4. BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows certain conventional timing diagrams for a
leading-edge TRIAC dimmer and a trailing-edge TRIAC
dimmer.

FIG. 2 is a simplified diagram of a conventional lighting
system that includes a bleeder.

FIG. 3 is a simplified diagram showing certain conven-
tional components of the bleeder as part of the lighting
system as shown in FIG. 2.

FIG. 4 is a simplified diagram of a lighting system
according to an embodiment of the present invention.

FIG. 5 shows certain timing diagrams for a processing
component of a system controller as part of the lighting
system as shown in FIG. 4 according to an embodiment of
the present invention.

FIG. 6 shows certain timing diagrams for another pro-
cessing component of the system controller as part of the
lighting system as shown in FIG. 4 if a TRIAC dimmer is
includes in the lighting system and the TRIAC dimmer is a
leading-edge TRIAC dimmer according to an embodiment
of the present invention.

FIG. 7 shows certain timing diagrams for yet another
processing component of the system controller as part of the
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6
lighting system as shown in FIG. 4 if a TRIAC dimmer is
includes in the lighting system and the TRIAC dimmer is a
leading-edge TRIAC dimmer according to an embodiment
of the present invention.

FIG. 8 is a simplified diagram of a lighting system that
includes multiple lamp subsystems according to an embodi-
ment of the present invention.

FIG. 9 is a simplified diagram of a lighting system that
includes multiple lamp subsystems according to another
embodiment of the present invention.

5. DETAILED DESCRIPTION OF THE
INVENTION

Certain embodiments of the present invention are directed
to integrated circuits. More particularly, some embodiments
of the invention provide a system and method for intelligent
control related to TRIAC dimmers. Merely by way of
example, some embodiments of the invention have been
applied to driving light emitting diodes (LEDs). But it would
be recognized that the invention has a much broader range
of applicability.

As discussed earlier, various conventional technologies
have been used to detect whether or not a TRIAC dimmer
has been included in a lighting system, and if a TRIAC
dimmer is detected to be included in the lighting system,
whether the TRIAC dimmer is a leading-edge TRIAC dim-
mer or a trailing-edge TRIAC dimmer. These conventional
technologies have various weaknesses.

In one conventional technology, a rectified output voltage
generated by a rectifier is compared with a threshold voltage
V.4 on i1 order to determine a turn-on time period T,,,. This
conventional technology, however, often cannot effectively
distinguish the situation where no TRIAC dimmer is
included in a lighting system from the situation where a
trailing-edge TRIAC dimmer is included in a lighting sys-
tem. In the situation where a trailing-edge TRIAC dimmer is
included in a lighting system, the voltage generated by the
trailing-edge TRIAC dimmer after the dimmer is turned off
decreases slowly to the threshold voltage V,, _, due to
charging and/or discharging of one or more capacitors. This
slow reduction of the voltage makes it difficult to compare
the turn-on time period T, and the duration of a half cycle
of the AC input voltage; hence the determination about
whether a TRIAC dimmer has been included in a lighting
system and/or whether a trailing-edge TRIAC dimmer has
been included in a lighting system becomes unreliable.

In another conventional technology, a rate of change of a
rectified output voltage is used. The rectified output voltage
is generated by a rectifier, and its rate of change is deter-
mined by quickly sampling the rectified voltage twice.
Hence this conventional technology needs real-time fast
calculation of rate of change between two successively
sampled rectified voltage values, and also needs storage of
various predetermined ranges for the rate of change that
correspond to various phase angles at which these two
sampling actions are taken. Such computation and storage
often impose significant demand on bit depth of an analog-
to-digital converter, computational capability of the system,
and storage capacity of the system.

Additionally, referring to FIG. 2, the current 232 is
received by the bleeder 230. As shown in FIG. 3, the
magnitude of the current 232 can change between two
different predetermined magnitudes. The current 232 equals
the current 334 or the current 344, and the current 344 is
larger than the current 334 in magnitude. One weakness of
this conventional technology as shown in FIGS. 2 and 3 is
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that the currents 334 and 344 each have a fixed magnitude.
If the holding current of the TRIAC dimmer 210 is higher
than both the currents 334 and 344 in magnitude, the LEDs
250 may flicker. If the holding current of the TRIAC dimmer
210 is lower than the current 344 but higher than the current
334 in magnitude, setting the current 232 equal to the current
334 may cause the LEDs 250 to flicker, but setting the
current 232 equal to the current 344 may waster energy and
thus lower efficiency of the system.

Moreover as discussed above, as shown in FIG. 2, the
voltage 212 generated by the TRIAC dimmer 210 may have
waveforms that are not symmetric between a positive half
cycle and a negative half cycle of the AC input voltage 214.
This lack of symmetry can cause the LEDs 250 to flicker at
a fixed frequency (e.g., 50 Hz or 60 Hz). To resolve this
issue, two turn-on time periods for the waveforms can be
detected in real time. One of the two turn-on time periods
corresponds to a positive half cycle, and the other of the two
turn-on time periods corresponds to a negative half cycle
that is neighboring to the positive half cycle. The waveform
with the longer turn-on time period can, for example, be
delayed in providing a current to the LEDs 250, so that the
current received by the LEDs 250 is symmetric between the
positive half cycle and the negative half cycle of the AC
input voltage 214.

Additionally as discussed above, according to certain
conventional technology, a single TRIAC dimmer (e.g., the
TRIAC dimmer 210) and a single rectifier (e.g., the rectifier
220) are used to support multiple lamp subsystems that are
connected in parallel. The sum of the rectified output cur-
rents of multiple lamp subsystems is equal to the current that
flows through the TRIAC dimmer (e.g., the TRIAC dimmer
210), and often is much larger than the holding current of the
TRIAC dimmer (e.g., the TRIAC dimmer 210). Such large
magnitude for the sum of the rectified output currents of
multiple lamp subsystems not only lowers efficiency of the
system but also reduces the number of lamp subsystems that
can be supported by the single TRIAC dimmer (e.g., the
TRIAC dimmer 210) and the single rectifier (e.g., the
rectifier 220).

Certain embodiments of the present invention provide an
intelligent mechanism to match and control a TRIAC dim-
mer. According to one embodiment, the intelligent mecha-
nism can reliably and automatically detect whether or not a
TRIAC dimmer has been included in a lighting system, and
if a TRIAC dimmer is detected to be included in the lighting
system, whether the TRIAC dimmer is a leading-edge
TRIAC dimmer or a trailing-edge TRIAC dimmer. For
example, this reliable and automatic detection can help to
select appropriate method of dimming control in order to
improve energy efficiency of the system. According to
another embodiment, the intelligent mechanism can auto-
matically detect the holding current of the TRIAC dimmer,
and use the closed-loop control to ensure the current that
flows through the TRIAC dimmer is not lower than the
holding current of the TRIAC dimmer.

According to another embodiment, the intelligent mecha-
nism can provide to LEDs a current that is symmetric
between the positive half cycle and the negative half cycle
of an AC input voltage in order to prevent flickering of the
LEDs that can be caused by an asymmetric current between
the positive half cycle and the negative half cycle of the AC
input voltage. According to yet another embodiment, if
multiple lamp subsystems are connected in parallel, the
intelligent mechanism can optimize each rectified output
current for each lamp subsystem so that the sum of these
rectified output currents is larger than but not too much
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larger than the holding current of the TRIAC dimmer in
order to avoid flickering of LEDs that is caused by insuffi-
cient current flowing through the TRIAC dimmer. For
example, such optimization of each rectified output current
can help improve energy efficiency of the system. In another
example, such optimization of each rectified output current
can increase the number of lamp subsystems that can be
supported by the system.

FIG. 4 is a simplified diagram of a lighting system
according to an embodiment of the present invention. This
diagram is merely an example, which should not unduly
limit the scope of the claims. One of ordinary skill in the art
would recognize many variations, alternatives, and modifi-
cations. The lighting system 400 includes a TRIAC dimmer
410, a rectifier 420, a current sink 430, an LED driver 440,
one or more LEDs 450, resistors 470, 472, 474, 476, and
478, and a system controller 480.

Although the above has been shown using a selected
group of components for the lighting system 400, there can
be many alternatives, modifications, and variations. In one
embodiment, the TRIAC dimmer 410 is removed from the
lighting system 400 so that the lighting system 400 does not
include the TRIAC dimmer 410. In another embodiment, the
TRIAC dimmer 410 and the rectifier 420 are used to support
multiple lamp subsystems that are connected in parallel.

For example, each lamp subsystem includes a system
controller (e.g., the system controller 480), and resistors
(e.g., the resistors 470, 472, 474, 476, and 478), a current
sink (e.g., the current sink 430), an LED driver (e.g., the
LED driver 440), and one or more LEDs (e.g., the one or
more LEDs 450). In another example, each lamp subsystem
includes a rectifier (e.g., the rectifier 420), a system con-
troller (e.g., the system controller 480), and resistors (e.g.,
the resistors 470, 472, 474, 476, and 478), a current sink
(e.g., the current sink 430), an LED driver (e.g., the LED
driver 440), and one or more LEDs (e.g., the one or more
LEDs 450).

As shown in FIG. 4, the TRIAC dimmer 410 receives an
AC input voltage 414 (e.g., V) and generates a voltage
412. For example, the voltage 412 is received by the rectifier
420 (e.g., a full wave rectifying bridge), which generates a
rectified output voltage 422 and a rectified output current
460. In another example, the rectified output voltage 422 is
received by a voltage divider including the resistors 470 and
472, and the voltage divider outputs a voltage 424.

In one embodiment, a current 464 flows through the
resistor 478, which generates a voltage 466. For example,
the current 464 is equal to the rectified output current 460 in
magnitude. In another example, the voltage 466 is received
by a voltage divider including the resistors 474 and 476, and
the voltage divider outputs a voltage 426. In yet another
example, the voltage 426 represents the rectified output
current 460, which is equal to the current that flows through
the TRIAC dimmer 410.

In another embodiment, the system controller 480
includes terminals 482, 484, 486, and 488, and processing
components 492, 494, and 496. For example, the terminal
482 (e.g., the terminal “V_DET”) receives the voltage 424.
In another example, the terminal 484 (e.g., the terminal
“I_DET”) receives the voltage 426. In yet another example,
the terminal 486 (e.g., the terminal “BL”) outputs a control
signal 434 (e.g., a pulse-width-modulation signal or an
analog voltage signal) to the current sink 430. In yet another
example, the terminal 488 (e.g., the terminal “DIM”) outputs
a control signal 436 (e.g., a pulse-width-modulation signal
or an analog voltage signal) to the LED driver 440.
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In yet another embodiment, the current sink 430, in
response to the received signal 434, generates a current 432.
For example, the signal 434 is an analog voltage signal that
controls the magnitude of the current 432. In another
example, the received signal 434 is a logic signal, which
changes between a logic high level and a logic low level.
According to one embodiment, if the received signal 434 is
at the logic high level, the current sink 430 is turned on and
the current 432 is equal to a predetermined current level that
is larger than zero, and if the received signal 434 is at the
logic low level, the current sink 430 is turned off and the
current 432 is equal to zero. According to another embodi-
ment, the ratio between the time period when the received
signal 434 is at the logic high level and the time period when
the received signal 434 is at the logic low level is used by
the current sink 430 to determine the magnitude of the
current 432. For example, if the ratio becomes smaller, the
current 432 also becomes smaller in magnitude.

In yet another embodiment, the LED driver 440 is con-
figured to receive the signal 436 and a current 442, and
provide one or more drive currents to drive the one or more
LEDs 450 in response to the signal 436. For example, the
control signal 436 is a logic signal. In another example, if the
control signal 436 is at the logic high level, the LED driver
in response receives the current 442 and provides one or
more drive currents to drive the one or more LEDs 450. In
yet another example, if the control signal 436 is at the logic
low level, in response, the current 442 is equal to zero and
the one or more drive currents are also equal to zero. In yet
another example, the control signal 436 is an analog signal,
and the LED driver in response receives the current 442 and
provides one or more drive currents to drive the one or more
LEDs 450, where the one or more drive currents are pro-
portional to the magnitude of the control signal 436.

In yet another embodiment, the rectified output current
460 is equal to the current that flows through the TRIAC
dimmer 410, and is divided into a current 462 received by
the resistor 470, the current 432 generated and received by
the current sink 430, and the current 442 received by the
LED driver 440. For example, the rectified output current
460 is equal to the sum of the current 462, the current 432,
and the current 442. In another example, the rectified output
current 460 is equal to the current 464 that is received by the
resistor 478 in magnitude.

In yet another embodiment, the processing component
492 is configured to detect whether or not the TRIAC
dimmer 410 is included in the lighting system 400, and if the
TRIAC dimmer 410 is detected to be included in the lighting
system 400, whether the TRIAC dimmer 410 is a leading-
edge TRIAC dimmer or a trailing-edge TRIAC dimmer. For
example, the processing component 494 is configured to
detect the holding current of the TRIAC dimmer 410, and
use the closed-loop control to control the current 432. In
another example, the processing component 496 is config-
ured to process the voltage 424 that has waveforms not
symmetric between a positive half cycle and a negative half
cycle of the AC input voltage 414, so that the system
controller 480 can provide to the one or more LEDs 450 a
current that is symmetric between the positive half cycle and
the negative half cycle of the AC input voltage 414. In yet
another example, the processing component 492 is config-
ured to, if the lighting system 400 includes the multiple lamp
subsystems, control the current 432 for the lamp subsystem
to which the system controller 480 belongs.
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In yet another embodiment, the following processes (a),
(b), and (c) are performed sequentially:

(a) The system controller 480 uses the processing com-

ponent 492 to detect whether or not the TRIAC dimmer
410 is included in the lighting system 400, and if the
TRIAC dimmer 410 is detected to be included in the
lighting system 400, whether the TRIAC dimmer 410
is a leading-edge TRIAC dimmer or a trailing-edge
TRIAC dimmer;

(b) After the process (a) as described above, if the process
(a) determines the TRIAC dimmer 410 is included in
the lighting system 400, the system controller 480 uses
the processing component 494 to detect the holding
current of the TRIAC dimmer 410; and

(c) After the processes (a) and (b) as described above, the
process (c) is performed. During the process (c), the
system controller 480 uses the processing component
494 to rely on the closed-loop control to control the
current 432. Additionally, during the process (c), the
system controller 480 uses the processing component
496 to process the voltage 424 that has waveforms not
symmetric between a positive half cycle and a negative
half cycle of the AC input voltage 414, so that the
system controller 480 can provide to the one or more
LEDs 450 a current that is symmetric between the
positive half cycle and the negative half cycle of the AC
input voltage 414.

As discussed above and further emphasized here, FIG. 4
is merely an example, which should not unduly limit the
scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.
In one embodiment, the TRIAC dimmer 410 is removed
from the lighting system 400, so that the lighting system 400
does not include the TRIAC dimmer 410 and the rectifier
420 directly receives the AC input voltage 414 and generates
the rectified output voltage 422 and the rectified output
current 460. In another embodiment, some (e.g., one or two)
of the processing components 492, 494, and 496 are
removed from the system controller 480.

As shown in FIG. 4, when the lighting system 400 is just
turned on, the duty cycle of the signal 436 is equal to zero
and hence the LED driver 440 does not operate according to
certain embodiments. In one embodiment, immediately after
the lighting system 400 is turned on, the system controller
480 uses the processing component 492 to first detect
whether or not the TRIAC dimmer 410 is included in the
lighting system 400, and if the TRIAC dimmer 410 is
detected to be included in the lighting system 400, whether
the TRIAC dimmer 410 is a leading-edge TRIAC dimmer or
a trailing-edge TRIAC dimmer. In another embodiment, the
processing component 492 uses the received voltage 424 to
detect a rising time period (e.g., T_rise) during which the
voltage 424 increases from a lower threshold voltage (e.g.,
Vth_off) to a higher threshold voltage (e.g., Vth_on) and to
detect a falling time period (e.g., T_fall) during which the
voltage 424 decreases from the higher threshold voltage
(e.g., Vth_on) to the lower threshold voltage (e.g., Vth_of}).
For example, the processing component 492 compares the
detected rising time (e.g., T_rise) and the detected falling
time (e.g., T_fall) to determine whether or not the TRIAC
dimmer 410 is included in the lighting system 400, and if the
TRIAC dimmer 410 is determined to be included in the
lighting system 400, whether the TRIAC dimmer 410 is a
leading-edge TRIAC dimmer or a trailing-edge TRIAC
dimmer.

FIG. 5 shows certain timing diagrams for the processing
component 492 of the system controller 480 as part of the
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lighting system 400 as shown in FIG. 4 according to an
embodiment of the present invention. These diagrams are
merely examples, which should not unduly limit the scope
of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.

For example, the waveform 510 represents the voltage
424 as a function of time during a half cycle of the AC input
voltage 414 (e.g., V,,,.) if the lighting system 400 does not
include the TRIAC dimmer 410 so that the rectifier 420
directly receives the AC input voltage 414 and generates the
rectified output voltage 422 and the rectified output current
460. In another example, the waveform 520 represents the
voltage 424 as a function of time during a half cycle of the
AC input voltage 414 (e.g., V,,,.) if the lighting system 400
includes the TRIAC dimmer 410 and the TRIAC dimmer
410 is a leading-edge TRIAC dimmer. In yet another
example, the waveform 530 represents the voltage 424 as a
function of time during a half cycle of the AC input voltage
414 (e.g., V,,.) if the lighting system 400 includes the
TRIAC dimmer 410 and the TRIAC dimmer 410 is a
trailing-edge TRIAC dimmer.

According to one embodiment, if the detected rising time
(e.g., T_rise) is equal to or approximately equal to the
detected falling time (e.g., T_fall), the processing compo-
nent 492 determines that the TRIAC dimmer 410 is not
included in the lighting system 400. According to another
embodiment, if the detected rising time (e.g., T_rise) is
smaller than the detected falling time (e.g., T_fall), the
processing component 492 determines that the TRIAC dim-
mer 410 is included in the lighting system 400 and the
TRIAC dimmer 410 is a leading-edge TRIAC dimmer. For
example, for the leading-edge TRIAC dimmer, the voltage
424 increases rapidly so that the detected rising time (e.g.,
T_rise) is approximately equal to zero. In another example,
comparing the detected rising time (e.g., T_rise) and the
detected falling time (e.g., T_fall) can reliably detect
whether or not the TRIAC dimmer 410 in the lighting
system 400 is a leading-edge TRIAC dimmer. According to
yet another embodiment, if the detected rising time (e.g.,
T_rise) is larger than the detected falling time (e.g., T_fall),
the processing component 492 determines that the TRIAC
dimmer 410 is included in the lighting system 400 and the
TRIAC dimmer 410 is a trailing-edge TRIAC dimmer. For
example, for the trailing-edge TRIAC dimmer, the voltage
424 decreases slowly due to charging and/or discharging of
one or more capacitors so that the detected falling time (e.g.,
T_fall) is not approximately equal to zero. In another
example, comparing the detected rising time (e.g., T_rise)
and the detected falling time (e.g., T_fall) can reliably
distinguish the situation where the TRIAC dimmer 410 is
not included in the lighting system 400 from the situation
where the TRIAC dimmer 410 in the lighting system 400 is
a trailing-edge TRIAC dimmer.

According to certain embodiments, where AT is a prede-
termined threshold,

(a) if IT_rise-T_falll=AT, the processing component 492

determines that the TRIAC dimmer 410 is not included
in the lighting system 400;

(b) if T_fall-T_rise>AT, the processing component 492
determines that the TRIAC dimmer 410 is included in
the lighting system 400 and the TRIAC dimmer 410 is
a leading-edge TRIAC dimmer; and

(c) if T_rise-T_fall>AT, the processing component 492
determines that the TRIAC dimmer 410 is included in
the lighting system 400 and the TRIAC dimmer 410 is
a trailing-edge TRIAC dimmer.
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As shown in FIG. 4, after the processing component 492
has detected that the TRIAC dimmer 410 is included in the
lighting system 400, and also determined whether the
TRIAC dimmer 410 is a leading-edge TRIAC dimmer or a
trailing-edge TRIAC dimmer, the processing component
494 is configured to detect the holding current of the TRIAC
dimmer 410, and use the closed-loop control to control the
current 432 according to certain embodiments.

FIG. 6 shows certain timing diagrams for the processing
component 494 of the system controller 480 as part of the
lighting system 400 as shown in FIG. 4 if the TRIAC
dimmer 410 is includes in the lighting system 400 and the
TRIAC dimmer 410 is a leading-edge TRIAC dimmer 410
according to an embodiment of the present invention. These
diagrams are merely examples, which should not unduly
limit the scope of the claims. One of ordinary skill in the art
would recognize many variations, alternatives, and modifi-
cations. According to some embodiments, the waveform 610
represents the voltage 424 as a function of time, the wave-
form 620 represents the signal 434 as a function of time, the
waveform 630 represents the signal 436 as a function of
time, and the waveform 640 represents the voltage 426 as a
function of time. According to certain embodiments, the
processing component 494 is configured to detect the hold-
ing current of the TRIAC dimmer 410 before time t,, and use
the closed-loop control to control the current 432 after time
t,.

In one embodiment, the processing component 494
receives the voltage 424, and based on the received voltage
424, determines that the TRIAC dimmer 410 is turned on at
time t,, as shown by the waveform 610. In response, after
time t,, the system controller 480, including the processing
component 494, generates the signal 434 so that the signal
434 is at the maximum duty cycle immediately after time t;,
but the duty cycle of the signal 434 then decreases with time
from the maximum duty cycle, according to some embodi-
ments. For example, if the signal 434 is at the maximum
duty cycle, the current 432 reaches a maximum magnitude.
In another example, if the current 432 reaches a maximum
magnitude, the current 460 also reaches a maximum mag-
nitude and the voltage 426 reaches a corresponding maxi-
mum magnitude at time t,, as shown by the waveform 640.
In yet another example, the maximum magnitude of the
current 460 is high than the holding current of the TRIAC
dimmer 410, so that the TRIAC dimmer 410 remains to be
turned on at time t,.

In yet another embodiment, if the duty cycle of the signal
434 decreases with time from the maximum duty cycle as
shown by the waveform 610, the voltage 426, which rep-
resents the current 460, also decreases with time from the
maximum magnitude as shown by the waveform 640. For
example, if the current 460, which is equal to the current
flowing through the TRIAC dimmer 410, becomes smaller
than the holding current of the TRIAC dimmer 410, the
TRIAC dimmer 410 is turned off. In yet another example, in
response to the TRIAC dimmer 410 being turned off, the
decrease of the voltage 424 becomes steeper at time t; as
shown by the waveform 610 and the decrease of the voltage
426 also becomes steeper at time t; as shown by the
waveform 640. In yet another example, the processing
component 494 is configured to detect an abrupt change of
slope at which the voltage 426 decreases, and set a threshold
magnitude V , for the voltage 426 based at least in part on the
detected abrupt change of slope.

In yet another embodiment, the threshold magnitude V ,
of the voltage 426 at time t; corresponds to the holding
current of the TRIAC dimmer 410. For example, V , repre-
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sents the holding current as detected by the process. In yet
another embodiment, the system controller 480 sets a thresh-
old magnitude V for the voltage 426. For example, Vj is
larger than V. In another example, Vz=V ,+AV,, where
AV, is a predetermined threshold and is larger than zero. In
yet another example, Vz=kxV ,, where k is a constant that is
larger than or equal to 1.05 but smaller than or equal to 1.3.
In yet another example, if the voltage 426 is approximately
equal to Vg, the current flowing through the TRIAC dimmer
410 is larger than the holding current of the TRIAC dimmer
410, so long as the voltage 426 remains larger than V. In
yet another example, the system controller 480 stores the
threshold magnitude V.

As shown in FIG. 6, after time t, the processing compo-
nent 494 is configured to use the threshold magnitude V to
perform the closed-loop control to control the voltage 426
by controlling the current 432 according to some embodi-
ments. For example, time t, is the beginning of the next half
cycle of the AC input voltage 414. In another example, the
voltage 426 represents the current that flows through the
TRIAC dimmer 410, so the system controller 480 controls
the current flowing through the TRIAC dimmer 410 by
controlling the current 432 and the voltage 426.

In one embodiment, the processing component 494
receives the voltage 424, and based on the received voltage
424, determines that the TRIAC dimmer 410 is turned on at
time t,, as shown by the waveform 610. In response, the
signal 436 generated by the system controller 480 becomes
a modulation signal (e.g., a pulse-width-modulation signal)
at time t,, changing between a logic high level and a logic
low level according to another embodiment, as shown by the
waveform 630. For example, the signal 436 remains at the
logic low level from time t,; to time t,. In another example,
the signal 436 is a modulation signal (e.g., a pulse-width-
modulation signal) from time t, to time t,. In yet another
example, the pulse-width-modulation signal 436 has a pulse
width that corresponds to the dimming control as reflected
by the time duration from time t; to time t,.

In yet another embodiment, the signal 434 generated by
the system controller 480 remains at the logic high level
from time t; to time t5, and time t5 follows time t,. For
example, at time t, the signal 434 changes from the logic
high level to the logic low level. In another example, from
time t, to time t5, the current 432 increases with time and
reaches a maximum magnitude at time t;. In yet another
example, at time ts, the current 460 also reaches a maximum
magnitude and the voltage 426 reaches a corresponding
maximum magnitude at time ts, as shown by the waveform
640. In yet another example, the maximum magnitude of the
current 460 is high than the holding current of the TRIAC
dimmer 410, so that the TRIAC dimmer 410 remains to be
turned on at time t..

In yet another embodiment, from time t5 and time t,, the
signal 434 remains at the logic low level. For example, from
time t5 and time t,, the voltage 426 becomes smaller than the
corresponding maximum magnitude that the voltage 426
reaches at time t5. In another example, at time t, the voltage
426 becomes smaller than Vz+AV,, even though the voltage
426 is still larger than V, where V represents the threshold
magnitude that is stored by the system controller 480, and
AV, represents a predetermined threshold that is larger than
zero. In yet another example, at time t4, in response to the
voltage 426 becoming becomes smaller than Vz+AV,, even
though still larger than the threshold magnitude Vj, the
signal 434 generated by the system controller 480 becomes
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a modulation signal at time tg, changing between a logic
high level and a logic low level, as shown by the waveform
620.

According to one embodiment, the signal 434 is a modu-
lation signal from time t, to time t,. For example, from time
ts to time t,, the signal 434 as a modulation signal regulates
the voltage 426 at the threshold magnitude Vg, and the
voltage 426 becomes approximately equal to the threshold
magnitude V; by a closed-loop regulation, so that the
voltage 426 remains larger than the magnitude V, of the
voltage 426 from time t, to time t,, where the magnitude V ,
of the voltage 426 corresponds to the holding current of the
TRIAC dimmer 410.

In another example, from time t4 to time t,, the current
flowing through the TRIAC dimmer 410 remains larger than
the holding current of the TRIAC dimmer 410, so that the
TRIAC dimmer 410 is not turned off by the insufficient
current flowing through the TRIAC dimmer 410.

According to another embodiment, time t, is the end of
the half cycle of the AC input voltage 414 that starts at time
t,, and time t, is also the beginning of another half cycle of
the AC input voltage 414. For example, as shown by the
waveform 610, the voltage 424 becomes zero at time t, and
remains to be zero until the TRIAC dimmer 410 is turned on.
In another example, as shown by the waveform 620, the
signal 434 is at the logic high level at time t,, and remains
at the logic high level until sometime after the TRIAC
dimmer 410 is turned on. In yet another example, as shown
by the waveform 630, the signal 436 is at the logic low level
at time t.,, and remains at the logic low level until the TRIAC
dimmer 410 is turned on. In yet another example, as shown
by the waveform 640, the voltage 426 decreases to zero soon
after time t,, and remains to be zero until the TRIAC dimmer
410 is turned on.

As discussed above and further emphasized here, FIG. 6
is merely an example, which should not unduly limit the
scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.
For example, the waveforms 610, 620, 630 and 640 are
changed if the TRIAC dimmer 410 is includes in the lighting
system 400 and the TRIAC dimmer 410 is a trailing-edge
TRIAC dimmer, instead of a leading-edge TRIAC dimmer
410. In another example, the waveforms 610, 620, 630 and
640 are changed if the TRIAC dimmer 410 is not included
in the lighting system 400. In yet another example, FIG. 6
is used to describe certain operations of FIG. 8. In yet
another example, FIG. 6 is used to describe certain opera-
tions of FIG. 9.

As shown in FIG. 4, the processing component 496 is
configured to process the voltage 424 that has waveforms
not symmetric between a positive half cycle and a negative
half cycle of the AC input voltage 414, so that the system
controller 480 can provide to the one or more LEDs 450 a
current that is symmetric between the positive half cycle and
the negative half cycle of the AC input voltage 414 accord-
ing to some embodiments.

FIG. 7 shows certain timing diagrams for the processing
component 496 of the system controller 480 as part of the
lighting system 400 as shown in FIG. 4 if the TRIAC
dimmer 410 is includes in the lighting system 400 and the
TRIAC dimmer 410 is a leading-edge TRIAC dimmer 410
according to an embodiment of the present invention. These
diagrams are merely examples, which should not unduly
limit the scope of the claims. One of ordinary skill in the art
would recognize many variations, alternatives, and modifi-
cations. According to some embodiments, the waveform 710
represents the voltage 424 as a function of time, the wave-
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form 720 represents the signal 436 as a function of time, and
the waveform 730 represents the current that flows through
the one or more LEDs 450 as a function of time. According
to certain embodiments, the processing component 496 is
configured to work with the processing component 494,
wherein the processing component 494 uses the closed-loop
control to control the current 432 and the processing com-
ponent 496 processes the voltage 424 that has waveforms
not symmetric between a positive half cycle and a negative
half cycle of the AC input voltage 414.

In one embodiment, the processing component 494
receives the voltage 424, and based on the received voltage
424, determines that the TRIAC dimmer 410 is turned on at
time t,, as shown by the waveform 710. In response, the
signal 436 generated by the system controller 480 becomes
a modulation signal (e.g., a pulse-width-modulation signal)
at time t,, changing between a logic high level and a logic
low level according to another embodiment, as shown by the
waveform 720. For example, the signal 436 is at the logic
low level before time t,. In another example, the signal 436
is a modulation signal (e.g., a pulse-width-modulation sig-
nal) from time t, to time t,. In yet another embodiment, time
t, is the end of the half cycle of the AC input voltage 414,
during which the voltage 426 has a pulse width of T, from
time t, to time t,. For example, time t, is also the beginning
of another half cycle of the AC input voltage 414, during
which the voltage 426 has a pulse width of T, from time t,
to time t;,. In another example, the pulse width of T, is
larger than the pulse width of T,,.

According to one embodiment, the processing component
494 detects the pulse width of T, and the pulse width of T,
which correspond to two successive half cycles of the AC
input voltage 414, and the processing component 494 also
determines that the pulse width of T, is larger than the pulse
width of T,. For example, the processing component 494
detects the pulse width T, during the half cycle of the AC
input voltage 414 that ends at time t,, and detects the pulse
width T, during the half cycle of the AC input voltage 414
that starts at time t,.

According to another embodiment, the processing com-
ponent 494 receives the voltage 424, and determines that the
TRIAC dimmer 410 is turned on at time tg with the pulse
width of T, for the voltage 424 as shown by the waveform
710. In response, the system controller 480, for example,
keeps the signal 436 at the logic level from time tg to time
ty; then, at time t,, the signal 436 becomes a modulation
signal (e.g., a pulse-width-modulation signal) that changes
between a logic high level and a logic low level as shown by
the waveform 720. In another example, the signal 436 is a
modulation signal (e.g., a pulse-width-modulation signal)
from time t, to time t;,. In yet another example, the time
duration from time t, to time t,, is equal to the pulse width
of T, the same as the time duration from time t, to time t,.

According to yet another embodiment, time t,, is the end
of the half cycle of the AC input voltage 414, during which
the voltage 426 has a pulse width of T, from time t; to time
t,o. For example, time t,, is also the beginning of another
half cycle of the AC input voltage 414, during which the
voltage 426 has a pulse width of T, from time t,; to time t,,.
In response, for example, the signal 436 generated by the
system controller 480, at time t,,, becomes a modulation
signal (e.g., a pulse-width-modulation signal) that changes
between a logic high level and a logic low level as shown by
the waveform 720. In another example, the signal 436 is a
modulation signal (e.g., a pulse-width-modulation signal)
from time t;; to time t,,. In yet another example, the time
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duration from time t,, to time t,, is equal to the pulse width
of T, the same as the time duration from time t, to time t, .

According to yet another embodiment, the processing
component 494 receives the voltage 424, and determines
that the TRIAC dimmer 410 is turned on at time t, ; with the
pulse width of T, for the voltage 424 as shown by the
waveform 710. In response, the system controller 480, for
example, keeps the signal 436 at the logic level from time t, 5
to time t,,; then, at time t,,, the signal 436 becomes a
modulation signal (e.g., a pulse-width-modulation signal)
that changes between a logic high level and a logic low level
as shown by the waveform 720. In another example, the
signal 436 is a modulation signal (e.g., a pulse-width-
modulation signal) from time t,, to time t, 5. In yet another
example, the time duration from time t, , to time t, 5 is equal
to the pulse width of T , the same as the time duration from
time t, to time t,,. According to yet another embodiment,
time t, 5 is the end of the half cycle of the AC input voltage
414, during which the voltage 426 has a pulse width of T,
from time t,; to time t,5. For example, time t,5 is also the
beginning of another half cycle of the AC input voltage 414,
during which the voltage 426 has a pulse width of T,,.

As shown in FIG. 7, even though the pulse width of the
voltage 424 is equal to T, in the half cycle I of the AC input
voltage 414, is equal to T, in the half cycle II of the AC input
voltage 414, is equal to T, in the half cycle III of the AC
input voltage 414, and is equal to T, in the half cycle IV of
the AC input voltage 414, the signal 436 is a modulation
signal (e.g., a pulse-width-modulation signal) for a time
duration equal to the pulse width of T, in each of the half
cycle I of the AC input voltage 414, the half cycle II of the
AC input voltage 414, the half cycle III of the AC input
voltage 414, and the half cycle IV of the AC input voltage
414, according to certain embodiments. For example, the
pulse width of T, is larger than the pulse width of T,. In
another example, as shown by the waveform 710, the pulse
width of the voltage 424 changes from one half cycle of the
AC input voltage 414 to another half cycle I of the AC input
voltage 414, but the current that flows through the one or
more LEDs 450 remains periodic as shown by the waveform
730. In yet another example, the waveform for the current
that flows through the one or more LEDs 450 changes in the
same way during the time period A (e.g., from time t,, to time
1), the time period B (e.g., from time t, to time t,; ), and the
time period C (e.g., from time t,, to time t, ;). In yet another
example, the waveform for the current that flows through the
one or more LEDs 450 is symmetric between a positive half
cycle and a negative half cycle of the AC input voltage 414
(e.g., between the half cycle II and the half cycle III as
shown in FIG. 7).

FIG. 8 is a simplified diagram of a lighting system that
includes multiple lamp subsystems according to an embodi-
ment of the present invention. This diagram is merely an
example, which should not unduly limit the scope of the
claims. One of ordinary skill in the art would recognize
many variations, alternatives, and modifications. The light-
ing system 800 includes a TRIAC dimmer 410, a rectifier
420, and multiple lamp subsystems 810,, 810, . . .
810,, . . . and 810,, wherein N is an integer that is larger than
1, and i is an integer that is larger than or equal to 1 and is
smaller than or equal to N.

In one embodiment, each of the multiple lamp subsystems
includes a current sink (e.g., a current sink 430), an LED
driver (e.g., an LED driver 440), one or more LEDs (e.g.,
one or more LEDs 450), resistors (e.g., resistors 470, 472,
474, 476, and 478), and a system controller (e.g., a system
controller 480). For example, the system controller (e.g., the
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system controller 480) of each of the multiple lamp subsys-
tems includes terminals (e.g., terminals 482, 484, 486, and
488), and processing components (e.g., processing compo-
nents 492, 494, and 496). In another embodiment, the lamp
subsystem 810, includes a current sink 430,, an LED driver
440,, one or more LEDs 450,, resistors 470,, 472,, 474,, 476,,
and 478,, and a system controller 480,.

As shown in FIG. 8, the TRIAC dimmer 410 receives an
AC input voltage 414 (e.g., V,,,.) and generates a voltage
412. For example, the voltage 412 is received by the rectifier
420 (e.g., a full wave rectifying bridge), which generates a
rectified output voltage 422 and a rectified output current
460. In another example, the rectified output voltage 422 is
received by a voltage divider including the resistors 470, and
472,, and the voltage divider outputs a voltage 424,.

For example, the system controller 480, includes termi-
nals 482, 484,, 486,, and 488,, and processing components
492, 494, and 496,. In another example, the terminal 484,
(e.g., the terminal “I_DET”) receives a voltage 426,. In yet
another example, the terminal 486, (e.g., the terminal “BL”)
outputs a control signal 434, (e.g., a pulse-width-modulation
signal or an analog voltage signal) to the current sink 430,
to control a current 432, In yet another example, the
terminal 488, (e.g., the terminal “DIM™) outputs a control
signal 436, (e.g., a pulse-width-modulation signal or an
analog voltage signal) to the LED driver 440,. In yet another
example, the current 432, is smaller than or equal to a current
820, that flows into the lamp subsystem 810,.

In yet another embodiment, the rectified output current
460 is equal to the current flowing through the TRIAC
dimmer 410, and is also equal to the sum of a current 820,,
a current 820,, . . ., a current 820,, . . . and a current 820,,.
For example, the current 820,, the current 820,, . . ., the
current 820,, . . . and the current 820, are currents that flow
into the lamp subsystems 810,, 810,, ... 810,, ... and 810,
respectively. In another example, the current 820,, the
current 820,, . . ., the current 820,, . . . and the current 820,,
each are a component of the rectified output current 460, and
each represent a component of the current flowing through
the TRIAC dimmer 410. In yet another example, the voltage
426, represents the current 820,, and also represents a com-
ponent of the current flowing through the TRIAC dimmer
410.

In yet another embodiment, the current 820, is divided
into a current 462, received by the resistor 470,, the current
432, generated and received by the current sink 430,, and a
current 442, received by the LED driver 440,. For example,
the current 820, is equal to the sum of the current 462,, the
current 432, and the current 442,.

According to one embodiment, after the processing com-
ponent 492, has detected that the TRIAC dimmer 410 is
included in the lighting system 800, and after the processing
component 492, has also determined whether the TRIAC
dimmer 410 is a leading-edge TRIAC dimmer or a trailing-
edge TRIAC dimmer, the processing component 494, of the
lamp subsystem 810, uses the closed-loop control to control
the current 432,. For example, the multiple lamp subsystems
810,, 810,, . . . 810, . . . and 810, together satisfy the
following equation:

(Equation 1)

N
Tholding < Z I; < Inouging X N
i1
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wherein 1,,,,,,,, represents the magnitude of the holding
current of the TRIAC dimmer 410, and I, represents the
magnitude of the current 820,. N is an integer that is larger
than 1, and i is an integer that is larger than or equal to 1 and
is smaller than or equal to N.

As discussed above and further emphasized here, FIG. 6
is merely an example, which should not unduly limit the
scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.
For example, FIG. 6 is used to describe certain operations of
FIG. 8.

According to some embodiments, the waveform 610
represents the voltage 424, as a function of time, the wave-
form 620 represents the signal 434, as a function of time, the
waveform 630 represents the signal 436, as a function of
time, and the waveform 640 represents the voltage 426, as a
function of time. According to certain embodiments, all of
the processing components 494, are configured to detect the
holding current of the TRIAC dimmer 410 before time t,,
and each use the closed-loop control to control the current
432, after time t,.

In one embodiment, the processing component 494,
receives the voltage 424,, and based on the received voltage
424, determines that the TRIAC dimmer 410 is turned on at
time t,, as shown by the waveform 610. In response, after
time t,, the system controller 480,, including the processing
component 494,, generates the signal 434, so that the signal
434, is at the maximum duty cycle immediately after time t;,
but the duty cycle of the signal 434, then decreases with time
from the maximum duty cycle, according to some embodi-
ments. For example, if the signal 434, is at the maximum
duty cycle, the current 432, reaches a maximum magnitude.

In another example, if all of the currents 432, where i is
an integer that is larger than or equal to 1 and is smaller than
or equal to N, each reach a maximum magnitude, all of the
voltages 426, each reach a corresponding maximum magni-
tude at time t, as shown by the waveform 640, and the
current 460 also reaches a maximum magnitude. In yet
another example, the maximum magnitude of the current
460 is high than the holding current of the TRIAC dimmer
410, so that the TRIAC dimmer 410 remains to be turned on
at time t,.

In yet another embodiment, if the duty cycle of the signal
434, decreases with time from the maximum duty cycle as
shown by the waveform 610, the voltage 426,, which
represents the current 820,, also decreases with time from
the maximum magnitude as shown by the waveform 640.
For example, if all of the currents 820,, where i is an integer
that is larger than or equal to 1 and is smaller than or equal
to N, each decrease with time from the maximum magni-
tude, the current 460 also decreases with time from its
maximum magnitude. In another example, the current 460,
which is equal to the current flowing through the TRIAC
dimmer 410, becomes smaller than the holding current of the
TRIAC dimmer 410, the TRIAC dimmer 410 is turned off.

In yet another example, in response to the TRIAC dimmer
410 being turned off, the decrease of the voltage 424,
becomes steeper at time t; as shown by the waveform 610
and the decrease of the voltage 426, also becomes steeper at
time t; as shown by the waveform 640.

In yet another embodiment, the magnitude V, of the
voltage 426, at time t; corresponds to one component of
multiple components of the holding current of the TRIAC
dimmer 410. For example, if all of the voltages 426, each are
equal to their corresponding magnitudes V ,, the current 460
is equal to the holding current of the TRIAC dimmer 410.
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In yet another embodiment, the system controller 480, sets
a threshold magnitude V for the voltage 426,. For example,
Vjy is larger than V. In another example, V5=V +AV,,
where AV, is a predetermined threshold and is larger than
zero. In yet another example, V=kxV ,, where k is a constant
that is larger than or equal to 1.05 but smaller than or equal
to 1.3. In yet another example, if all of the voltages 426, each
are approximately equal to their corresponding Vg, the
current flowing through the TRIAC dimmer 410 is larger
than the holding current of the TRIAC dimmer 410, so long
as the voltage 426, remains larger than V. In yet another
example, the system controller 480, stores the corresponding
threshold magnitude V.

As shown in FIG. 6, after time t, the processing compo-
nent 494, is configured to use the threshold magnitude V to
perform the closed-loop control to control the voltage 426,
by controlling the current 432, according to some embodi-
ments. For example, time t, is the beginning of the next half
cycle of the AC input voltage 414. In another example, the
voltage 426, represents the current 820,, and sum of all of the
currents 820, is equal to the current that flows through the
TRIAC dimmer 410, so all of the system controllers 480,
together can control the current flowing through the TRIAC
dimmer 410 by each controlling the current 432, and the
voltage 426,.

In one embodiment, the processing component 494,
receives the voltage 424,, and based on the received voltage
424, determines that the TRIAC dimmer 410 is turned on at
time t,, as shown by the waveform 610. In response, the
signal 436, generated by the system controller 480, becomes
a modulation signal (e.g., a pulse-width-modulation signal)
at time t,, changing between a logic high level and a logic
low level according to another embodiment, as shown by the
waveform 630. For example, the signal 436, remains at the
logic low level from time t; to time t,. In another example,
the signal 436, is a modulation signal (e.g., a pulse-width-
modulation signal) from time t, to time t,. In yet another
example, the pulse-width-modulation signal 436, has a pulse
width that corresponds to the dimming control as reflected
by the time duration from time t,; to time t..

In yet another embodiment, the signal 434, generated by
the system controller 480, remains at the logic high level
from time t; to time t5, and time t5 follows time t,. For
example, at time ts, the signal 434, changes from the logic
high level to the logic low level. In another example, from
time t, to time ts, the current 432, increases with time and
reaches a maximum magnitude at time t, so the voltage 426,
reaches a corresponding maximum magnitude at time ts, as
shown by the waveform 640. In yet another example, at time
ts, all of the currents 820, each reach their corresponding
maximum magnitudes, so the current 460 also reaches a
maximum magnitude. In yet another example, the maximum
magnitude of the current 460 is high than the holding current
of the TRIAC dimmer 410, so that the TRIAC dimmer 410
remains to be turned on at time ts.

In yet another embodiment, from time t5 and time tg, the
signal 434, remains at the logic low level. For example, from
time t5 and time tg, the voltage 426, becomes smaller than
the corresponding maximum magnitude that the voltage 426,
reaches at time t5. In another example, at time t, the voltage
426, becomes smaller than V+AV,, even though the voltage
426, is still larger than V5, where V represents the threshold
magnitude that is stored by the system controller 480,, and
AV, represents a predetermined threshold that is larger than
zero. In yet another example, at time t4, in response to the
voltage 426, becoming smaller than V+AV,, even though
still larger than the threshold magnitude V, the signal 434,
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generated by the system controller 480, becomes a modula-
tion signal at time t,, changing between a logic high level
and a logic low level, as shown by the waveform 620.

According to one embodiment, the signal 434, is a modu-
lation signal from time t, to time t,. For example, from time
ts to time t,, the voltage 426, remains larger than or approxi-
mately equal to the threshold magnitude V by a closed-loop
regulation, so that the voltage 426, remains larger than the
magnitude V, of the voltage 426, from time t; to time t,,
where the magnitude V , of the voltage 426, corresponds to
the holding current of the TRIAC dimmer 410. In another
example, from time t, to time t,, the current flowing through
the TRIAC dimmer 410 remains larger than the holding
current of the TRIAC dimmer 410, so that the TRIAC
dimmer 410 is not turned off by the insufficient current
flowing through the TRIAC dimmer 410.

According to another embodiment, time t, is the end of
the half cycle of the AC input voltage 414 that starts at time
t,, and time t, is also the beginning of another half cycle of
the AC input voltage 414. For example, as shown by the
waveform 610, the voltage 424, becomes zero at time t, and
remains to be zero until the TRIAC dimmer 410 is turned on.
In another example, as shown by the waveform 620, the
signal 434, is at the logic high level at time t,, and remains
at the logic high level until sometime after the TRIAC
dimmer 410 is turned on. In yet another example, as shown
by the waveform 630, the signal 436, is at the logic low level
at time t.,, and remains at the logic low level until the TRIAC
dimmer 410 is turned on. In yet another example, as shown
by the waveform 640, the voltage 426, decreases to zero
soon after time t,, and remains to be zero until the TRIAC
dimmer 410 is turned on.

FIG. 9 is a simplified diagram of a lighting system that
includes multiple lamp subsystems according to another
embodiment of the present invention. This diagram is
merely an example, which should not unduly limit the scope
of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.
The lighting system 900 includes a TRIAC dimmer 410 and
multiple lamp subsystems 910, 910,, ...910,, .. . and 910,,
wherein N is an integer that is larger than 1, and i is an
integer that is larger than or equal to 1 and is smaller than
or equal to N.

In one embodiment, each of the multiple lamp subsystems
includes a rectifier (e.g., a rectifier 420), a current sink (e.g.,
a current sink 430), an LED driver (e.g., an LED driver 440),
one or more LEDs (e.g., one or more LEDs 450), resistors
(e.g., resistors 470, 472, 474, 476, and 478), and a system
controller (e.g., a system controller 480). For example, the
system controller (e.g., the system controller 480) of each of
the multiple lamp subsystems includes terminals (e.g., ter-
minals 482, 484, 486, and 488), and processing components
(e.g., processing components 492, 494, 496, and 498). In
another embodiment, the lamp subsystem 910, includes a
rectifier 420,, a current sink 430,, an LED driver 440,, one or
more LEDs 450,, resistors 470,, 472, 474,, 476, and 478, and
a system controller 480,. For example, the system controller
480, includes terminals 482, 484, 486, and 488, and
processing components 492, 494,. 496,, and 498,. In another
example, the system controller 480, outputs a signal 434, to
the current sink 430, to control the current 432, In yet
another example, the current 432, is smaller than or equal to
a current 920, that flows into the lamp subsystem 910,. In yet
another embodiment, a current 960 is equal to the current
flowing through the TRIAC dimmer 410, and is also equal
to the sum of a current 920, a current 920, . . ., a current
920,, . . . and a current 920, For example, the currents 920,
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920,,...,920, ... and 920, are currents that flow into the
lamp subsystems 910,, 910,, . . . 910, . . . and 910,,
respectively.

According to one embodiment, after the processing com-
ponent 492, has detected that the TRIAC dimmer 410 is
included in the lighting system 900, and after the processing
component 492, has also determined whether the TRIAC
dimmer 410 is a leading-edge TRIAC dimmer or a trailing-
edge TRIAC dimmer, the processing component 498, is
configured to work with the processing component 494, of
the same lamp subsystem 910, and with the processing
components 498; of each of the other lamp subsystems 910,
to detect the holding current of the TRIAC dimmer 410, and
use the closed-loop control to control the current 432,
wherein j is an integer that is larger than or equal to 1 and
is smaller than or equal to N, and j is not equal to i. For
example, the multiple lamp subsystems 910,, 910,, . . .
910,, . . . and 910, work together, and satisfy the following
equation:

(Equation 2)

N
Tholding < Z I; < Inouging X N
i1

wherein 1,4, represents the magnitude of the holding
current of the TRIAC dimmer 410, and I, represents the
magnitude of the current 920,. N is an integer that is larger
than 1, and i is an integer that is larger than or equal to 1 and
is smaller than or equal to N.

According to certain embodiments, systems and methods
are provided for intelligent control related to TRIAC dim-
mers. For example, the systems and methods can intelli-
gently detect the type of a TRIAC dimmer. In another
example, the type of the TRIAC dimmer can be a leading-
edge TRIAC dimmer, a trailing-edge TRIAC dimmer, or the
situation that no TRIAC dimmer is included in the lighting
system. In yet another example, the detection of the type of
a TRIAC dimmer takes into account a threshold voltage as
well as rate of voltage change. In yet another example, the
systems and methods also provide intelligent control that
matches with the detected type of the TRIAC dimmer.

According to some embodiments of the present invention,
systems and methods can provide intelligent detection of the
type of a TRIAC dimmer and also provide dimming control
without causing one or more LEDs to flicker. For example,
the systems and methods are configured to detect whether or
not a TRIAC dimmer is included in the lighting system, and
if the TRIAC dimmer is detected to be included in the
lighting system, whether the TRIAC dimmer is a leading-
edge TRIAC dimmer or a trailing-edge TRIAC dimmer. In
another example, the systems and methods are further con-
figured to detect the holding current of the TRIAC dimmer,
and use the closed-loop control so that the current flowing
through the TRIAC dimmer exceeds, but does not exceed
too much, the holding current of the TRIAC dimmer in order
to reduce flickering of the one or more LEDs and also to
improve efficiency of the lighting system. In yet another
example, the systems and methods are further configured to
process a voltage that has waveforms not symmetric
between a positive half cycle and a negative half cycle of an
AC input voltage in order to provide to one or more LEDs
a current that is symmetric between the positive half cycle
and the negative half cycle of the AC input voltage 414. In
yet another example, the systems and methods are further
configured to, if the lighting system includes multiple lamp
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subsystems, control the current flowing through the TRIAC
dimmer so that this current exceeds, but does not exceed too
much, the holding current of the TRIAC dimmer in order to
reduce flickering of the one or more LEDs and also to
improve efficiency of the lighting system.

According to another embodiment, a system controller for
a lighting system includes a first controller terminal config-
ured to receive a first signal, and a second controller terminal
configured to output a second signal to a diver component.
The driver component is configured to receive a first current
and provide one or more drive currents to one or more light
emitting diodes in response to the second signal. Addition-
ally, the system controller is configured to process informa-
tion associated with the first signal, determine a first time
period for the first signal to increase from a first threshold to
a second threshold, and determine a second time period for
the first signal to decrease from the second threshold to the
first threshold. Moreover, the system controller is further
configured to, in response to the second time period minus
the first time period being larger than a predetermined
positive value, determine the first signal to be associate with
a leading-edge TRIAC dimmer, and in response to the first
time period minus the second time period being larger than
the predetermined positive value, determine the first signal
to be associate with a trailing-edge TRIAC dimmer. Also,
the system controller is further configured to, in response to
an absolute value of the first time period minus the second
time period being smaller than the predetermined positive
value, determine the first signal not to be associated with any
TRIAC dimmer. For example, the system controller is
implemented according to at least FIG. 4, FIG. 5, FIG. 8,
and/or FIG. 9.

According to another embodiment, a system controller for
a lighting system includes a first controller terminal config-
ured to receive a first signal associated with a TRIAC
dimmer, and a second controller terminal configured to
output a second signal to a current sink. The current sink is
configured to receive a first current in response to the second
signal. Additionally, the system controller includes a third
controller terminal configured to output a third signal to a
driver component. The driver component is configured to
receive a second current and provide one or more drive
currents to one or more light emitting diodes in response to
the third signal. Moreover, the system controller includes a
fourth controller terminal configured to receive a fourth
signal. The fourth signal is related to a third current that
flows through the TRIAC dimmer. Also, the system con-
troller is configured to process information associated with
the first signal, and determine the TRIAC dimmer is turned
on at a first time based at least in part on the first signal.
Additionally, the system controller is configured to, after the
first time, with a first delay, decrease a duty cycle of the
second signal from a first predetermined value until the
fourth signal indicates that the TRIAC dimmer is turned off
at a second time, and in response to the fourth signal
indicating that the TRIAC dimmer is turned off at the second
time, set a first threshold for the fourth signal, the first
threshold being related to a holding current of the TRIAC
dimmer. Moreover, the system controller is further config-
ured to process information associated with the first signal,
and determine the TRIAC dimmer is turned on at a third
time based at least in part on the first signal. Also, the system
controller is further configured to, after the third time, with
a second delay, change the second signal from a first logic
level to a second logic level and keep the second signal at the
second logic level until a fourth time, and at the fourth time,
change the second signal to a modulation signal to regulate



US 9,480,118 B2

23

the fourth signal at a second threshold in order to keep the
fourth signal larger than the first threshold and keep the third
current larger than the holding current of the TRIAC dim-
mer. The second threshold is larger than the first threshold,
and the modulation signal changes between the first logic
level and the second logic level. For example, the system
controller is implemented according to at least FIG. 4, FIG.
6, FIG. 8, and/or FIG. 9.

According to yet another embodiment, a method for a
lighting system includes receiving a first signal, processing
information associated with the first signal, determining a
first time period for the first signal to increase from a first
threshold to a second threshold, determining a second time
period for the first signal to decrease from the second
threshold to the first threshold, and processing information
associated with the first time period and the second time
period. Additionally, the method includes, in response to the
second time period minus the first time period being larger
than a predetermined positive value, determining the first
signal to be associate with a leading-edge TRIAC dimmer,
and in response to the first time period minus the second
time period being larger than the predetermined positive
value, determining the first signal to be associate with a
trailing-edge TRIAC dimmer. Moreover, the method
includes, in response to an absolute value of the first time
period minus the second time period being smaller than the
predetermined positive value, determining the first signal
not to be associated with any TRIAC dimmer. For example,
the method is implemented according to at least FIG. 4, FIG.
5, FIG. 8, and/or FIG. 9.

According to yet another embodiment, a method for a
lighting system includes receiving a first signal associated
with a TRIAC dimmer, receiving a second signal related to
a first current that flows through the TRIAC dimmer, pro-
cessing information associated with the first signal, and
determining the TRIAC dimmer is turned on at a first time
based at least in part on the first signal. Additionally, the
method includes, after the first time, with a first delay,
decreasing a duty cycle of a third signal from a first
predetermined value until the second signal indicates that
the TRIAC dimmer is turned off at a second time, and setting
a first threshold for the second signal in response to the
second signal indicating that the TRIAC dimmer is turned
off at the second time, the first threshold being related to a
holding current of the TRIAC dimmer. Moreover, the
method includes determining that the TRIAC dimmer is
turned on at a third time based at least in part on the first
signal, and after the third time, with a second delay, chang-
ing the third signal from a first logic level to a second logic
level and keep the third signal at the second logic level until
a fourth time. Also, the method includes at the fourth time,
changing the third signal to a modulation signal to regulate
the second signal at a second threshold in order to keep the
second signal larger than the first threshold and keep the first
current larger than the holding current of the TRIAC dim-
mer. The second threshold is larger than the first threshold,
and the modulation signal changes between the first logic
level and the second logic level. For example, the method is
implemented according to at least FIG. 4, FIG. 6, FIG. 8,
and/or FIG. 9.

For example, some or all components of various embodi-
ments of the present invention each are, individually and/or
in combination with at least another component, imple-
mented using one or more software components, one or
more hardware components, and/or one or more combina-
tions of software and hardware components. In another
example, some or all components of various embodiments
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of the present invention each are, individually and/or in
combination with at least another component, implemented
in one or more circuits, such as one or more analog circuits
and/or one or more digital circuits. In yet another example,
various embodiments and/or examples of the present inven-
tion can be combined.

Although specific embodiments of the present invention
have been described, it will be understood by those of skill
in the art that there are other embodiments that are equiva-
lent to the described embodiments. Accordingly, it is to be
understood that the invention is not to be limited by the
specific illustrated embodiments, but only by the scope of
the appended claims.

What is claimed is:

1. A system controller for a lighting system, the system
controller comprising:

a first controller terminal configured to receive a first

signal;
a second controller terminal configured to output a second
signal to a diver component, the driver component
being configured to receive a first current and provide
one or more drive currents to one or more light emitting
diodes in response to the second signal;
a third controller terminal configured to output a third
signal to a current sink, the current sink being config-
ured to receive a second current in response to the third
signal; and
a fourth controller terminal configured to receive a fourth
signal, the fourth signal being related to a third current
that flows through a leading-edge TRIAC dimmer or a
trailing-edge TRIAC dimmer;
wherein the system controller is configured to:
process information associated with the first signal;
determine a first time period for the first signal to
increase from a first threshold to a second threshold;
and

determine a second time period for the first signal to
decrease from the second threshold to the first
threshold;
wherein the system controller is further configured to:
in response to the second time period minus the first
time period being larger than a predetermined posi-
tive value, determine the first signal to be associate
with the leading-edge TRIAC dimmer;

in response to the first time period minus the second
time period being larger than the predetermined
positive value, determine the first signal to be asso-
ciate with the trailing-edge TRIAC dimmer; and

in response to an absolute value of the first time period
minus the second time period being smaller than the
predetermined positive value, determine the first
signal not to be associated with any TRIAC dimmer.

2. The system controller of claim 1 wherein the fourth
signal represents the third current that flows through the
leading-edge TRIAC dimmer or the trailing-edge TRIAC
dimmer.

3. The system controller of claim 1 wherein the fourth
signal represents one component of multiple components of
the third current that flows through the leading-edge TRIAC
dimmer or the trailing-edge TRIAC dimmer.

4. A system controller for a lighting system, the system
controller comprising:

a first controller terminal configured to receive a first

signal associated with a TRIAC dimmer;
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a second controller terminal configured to output a second
signal to a current sink, the current sink being config-
ured to receive a first current in response to the second
signal;
a third controller terminal configured to output a third
signal to a driver component, the driver component
being configured to receive a second current and pro-
vide one or more drive currents to one or more light
emitting diodes in response to the third signal; and
a fourth controller terminal configured to receive a fourth
signal, the fourth signal being related to a third current
that flows through the TRIAC dimmer;
wherein the system controller is configured to:
process information associated with the first signal;
determine the TRIAC dimmer is turned on at a first
time based at least in part on the first signal;

after the first time, with a first delay, decrease a duty
cycle of the second signal from a first predetermined
value until the fourth signal indicates that the TRIAC
dimmer is turned off at a second time; and

in response to the fourth signal indicating that the
TRIAC dimmer is turned off at the second time, set
a first threshold for the fourth signal, the first thresh-
old being related to a holding current of the TRIAC
dimmer;

wherein the system controller is further configured to:
process information associated with the first signal;
determine the TRIAC dimmer is turned on at a third

time based at least in part on the first signal;
after the third time, with a second delay, change the
second signal from a first logic level to a second
logic level and keep the second signal at the second
logic level until a fourth time; and
at the fourth time, change the second signal to a
modulation signal to regulate the fourth signal at a
second threshold in order to keep the fourth signal
larger than the first threshold and keep the third
current larger than the holding current of the TRIAC
dimmer;
wherein:
the second threshold is larger than the first threshold;
and
the modulation signal changes between the first logic
level and the second logic level.

5. The system controller of claim 4 wherein:

the fourth signal represents the third current that flows
through the TRIAC dimmer; and

the first threshold corresponds to the holding current of
the TRIAC dimmer.

6. The system controller of claim 4 wherein:

the fourth signal represents one component of multiple
components of the third current that flows through the
TRIAC dimmer; and

the first threshold corresponds to the one component of
the multiple components of the holding current of the
TRIAC dimmer.

7. The system controller of claim 4 is further configured
to keep the third signal at the second logic level from the first
time to the third time.

8. The system controller of claim 7 wherein, in response
to the third signal being kept at the second logic level from
the first time to the third time,

the one or more drive currents are equal to zero from the
first time to the third time; and

the second current is also equal to zero from the first time
to the third time.
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9. The system controller of claim 4 wherein:
the first logic level is a logic high level; and
the second logic level is a logic low level.
10. The system controller of claim 4 is further configured
to:
detect an abrupt change of slope at which the fourth signal
decreases; and
set the first threshold for the fourth signal based at least in
part on the detected abrupt change of slope.
11. The system controller of claim 4 wherein:
the first signal includes a first pulse associated with a first
input period and a second pulse associated with a
second input period; and
the third signal is associated with a first modulation period
for the first input period and a second modulation
period for the second input period;
wherein the system controller is further configured to:
determine the first modulation period for the first input
period;
change the third signal between the first logic level and
the second logic level at a modulation frequency
during the first modulation period;
determine the second modulation period for the second
input period; and
change the third signal between the first logic level and
the second logic level at the modulation frequency
during the second modulation period;
wherein:
the first pulse corresponds to a first pulse width;
the second pulse corresponds to a second pulse width;
the first modulation period corresponds to a first dura-
tion; and
the second modulation period corresponds to a second
duration;
wherein:
the first pulse width and the second pulse width are
different in magnitude; and
the first duration and the second duration are equal in
magnitude.
12. The system controller of claim 4 is further configured
to:
process information associated with the first signal;
determine a first time period for the first signal to increase
from a third threshold to a fourth threshold; and
determine a second time period for the first signal to
decrease from the fourth threshold to the third thresh-
old;
wherein the system controller is further configured to:
in response to the second time period minus the first
time period being larger than a second predetermined
value, determine the TRIAC dimmer to be a leading-
edge TRIAC dimmer; and
in response to the first time period minus the second
time period being larger than the second predeter-
mined value, determine the TRIAC dimmer to be a
trailing-edge TRIAC dimmer;
wherein the second predetermined value is larger than
Zero.
13. The system controller of claim 4 is further configured
to:
during the first delay from the first time to a fifth time,
keep the duty cycle of the second signal at the first
predetermined value; and
at the fifth time, start decreasing the duty cycle of the
second signal from the first predetermined value;
wherein the fifth time is after the first time but before the
second time.
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14. A method for a lighting system, the method compris-
ing:
receiving a first signal;
processing information associated with the first signal;
determining a first time period for the first signal to
increase from a first threshold to a second threshold;

determining a second time period for the first signal to
decrease from the second threshold to the first thresh-
old;

processing information associated with the first time

period and the second time period;
in response to the second time period minus the first time
period being larger than a predetermined positive
value, determining the first signal to be associate with
a leading-edge TRIAC dimmer;

in response to the first time period minus the second time
period being larger than the predetermined positive
value, determining the first signal to be associate with
a trailing-edge TRIAC dimmer;

in response to an absolute value of the first time period
minus the second time period being smaller than the
predetermined positive value, determining the first sig-
nal not to be associated with any TRIAC dimmer; and

receiving a second signal, the second signal being related
to a current that flows through the leading-edge TRIAC
dimmer or the trailing-edge TRIAC dimmer.

15. The method of claim 14 wherein the second signal
represents the current that flows through the leading-edge
TRIAC dimmer or the trailing-edge TRIAC dimmer.

16. The method of claim 14 wherein the second signal
represents one component of multiple components of the
current that flows through the leading-edge TRIAC dimmer
or the trailing-edge TRIAC dimmer.

17. A method for a lighting system, the method compris-
ing:

receiving a first signal associated with a TRIAC dimmer;

receiving a second signal related to a first current that

flows through the TRIAC dimmer;

processing information associated with the first signal;

determining the TRIAC dimmer is turned on at a first time

based at least in part on the first signal;

after the first time, with a first delay, decreasing a duty

cycle of a third signal from a first predetermined value
until the second signal indicates that the TRIAC dim-
mer is turned off at a second time;
setting a first threshold for the second signal in response
to the second signal indicating that the TRIAC dimmer
is turned off at the second time, the first threshold being
related to a holding current of the TRIAC dimmer;

determining that the TRIAC dimmer is turned on at a third
time based at least in part on the first signal;

after the third time, with a second delay, changing the

third signal from a first logic level to a second logic
level and keep the third signal at the second logic level
until a fourth time; and

at the fourth time, changing the third signal to a modu-

lation signal to regulate the second signal at a second
threshold in order to keep the second signal larger than
the first threshold and keep the first current larger than
the holding current of the TRIAC dimmer;

wherein:

the second threshold is larger than the first threshold;
and

the modulation signal changes between the first logic
level and the second logic level.
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18. The method of claim 17 wherein:

the second signal represents the first current that flows
through the TRIAC dimmer; and

the first threshold corresponds to the holding current of
the TRIAC dimmer.

19. The method of claim 17 wherein:

the second signal represents one component of multiple
components of the first current that flows through the
TRIAC dimmer; and

the first threshold corresponds to the one component of
the multiple components of the holding current of the
TRIAC dimmer.

20. The method of claim 17 wherein:

the first logic level is a logic high level; and

the second logic level is a logic low level.

21. The method of claim 17 wherein the setting a first

threshold for the second signal in response to the second
signal indicating that the TRIAC dimmer is turned off at the
second time includes:

detecting an abrupt change of slope at which the second
signal decreases; and
setting the first threshold for the second signal based at
least in part on the detected abrupt change of slope.
22. The method of claim 17, and further comprising:
outputting the third signal; and
outputting a fourth signal;
wherein:
the first signal includes a first pulse associated with a
first input period and a second pulse associated with
a second input period; and
the fourth signal is associated with a first modulation
period for the first input period and a second modu-
lation period for the second input period.
23. The method of claim 22, and further comprising:
determining the first modulation period for the first input
period;
changing the fourth signal between the first logic level
and the second logic level at a modulation frequency
during the first modulation period;
determining the second modulation period for the second
input period; and
changing the fourth signal between the first logic level
and the second logic level at the modulation frequency
during the second modulation period;
wherein:
the first pulse corresponds to a first pulse width;
the second pulse corresponds to a second pulse width;
the first modulation period corresponds to a first dura-
tion; and
the second modulation period corresponds to a second
duration;
wherein:
the first pulse width and the second pulse width are
different in magnitude; and
the first duration and the second duration are equal in
magnitude.
24. The method of claim 17, and further comprising:
determining a first time period for the first signal to
increase from a third threshold to a fourth threshold;
determining a second time period for the first signal to
decrease from the fourth threshold to the third thresh-
old;
in response to the second time period minus the first time
period being larger than a second predetermined value,
determining the TRIAC dimmer to be a leading-edge
TRIAC dimmer; and
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in response to the first time period minus the second time
period being larger than the second predetermined
value, determining the TRIAC dimmer to be a trailing-
edge TRIAC dimmer;

wherein the second predetermined value is larger than
Zero.

25. The method of claim 17, and further comprising:

during the first delay from the first time to a fifth time,
keep the duty cycle of the third signal at the first
predetermined value; and

at the fifth time, start decreasing the duty cycle of the third
signal from the first predetermined value;

wherein the fifth time is after the first time but before the
second time.
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